Predictions of the likelihood of fault reactivation for five fault-bound prospects in the Timor Sea are made using the FAST (Fault Analysis Seal Technology) technique. Fault reactivation is believed to be the dominant cause of seal breach in the area. Calculations are made using a stress tensor appropriate for the area, a conservative fault-rock failure envelope and the structural geometries of each prospect. A depth-stress power relationship defines the vertical stress magnitude based on vertical stress profiles for 17 Timor Sea wells.
INTRODUCTION
The integrity of structurally-bound hydrocarbon traps is dictated by the sealing potential of their caprocks and bounding faults. Both caprocks and the faults can be breached by several failure mechanisms including membrane failure, fault juxtaposition and dynamic reactivation (Watts, 1987; Jones et al, 2000) . FAST (Fault Analysis Seal Technology) mapping is an innovative new technique for assessing the risk associated with hydraulic or dynamic failure/reactivation of faults in terms of the contemporary stress field. This technique was originally introduced by Jones et al (2000) . The fundamental risk calculation algorithm, however, has been improved and is described within this paper. Despite the rapidly growing use of this technique, there has never been a detailed comparison of FAST predictions to exploration results.
Contemporary hydrocarbon leakage in the Bonaparte Basin is recognised to be closely associated with faults (e.g. Whibley and Jacobsen, 1990; O'Brien and Woods, 1995) . Caprock lithologies are believed to be thick and regionally extensive suggesting that fault juxtaposition is not a dominant failure mechanism. Capillary pressures of the regional seals are very high and seal failure due to capillary leakage is unlikely (Kivior et al, 2002) . In addition, there exists an extensive body of empirical evidence demonstrating fault related hydrocarbon leakage across the Bonaparte Basin (Lisk et al, 1998; O'Brien et al, 1998; O'Brien and Woods, 1995) .
Although it is widely accepted that Late Miocene to Recent reactivation of faults is a major seal integrity issue in the Timor Sea, the nature of the relationship between seal breach and faults is not completely understood. Kinematic approaches suggest that leakage is associated with the angular relationship between Tertiary and Mesozoic faults (O'Brien and Woods, 1995) or by faulting associated with soft-link relay ramps during Tertiary extension (Cooper et al, 1998) . Although not disregarding kinematic approaches to problems of these types, it is important to consider the dynamic (stress) environment of faults independent of their origin and age. The FAST technique integrates structural geometries with the contemporary in situ stress field and fault-rock properties to assess fault reactivation risk in this manner. Fault reactivation is believed to cause seal breach and there is abundant evidence that at stresses close to failure, faults transmit fluids (Sibson, 1996; Barton et al, 1995) . This paper describes the FAST technique used to estimate contemporary fault reactivation and calculates reactivation risk for five structurally bound fields/ prospects in the Timor Sea. Risk maps are generated using a generalised stress tensor and failure envelope for the region.
A large amount of empirical data indicating the seal integrity of each of these structures has been acquired over the last 10 years. These data are compared to the geometrically-based predictions of the FAST technique, and in turn are used to calibrate the risk values provided by FAST for use elsewhere in the Timor Sea. Use of the generalised stress tensor and rock properties is justified by the correlation between FAST predictions and evidence of seal breach and enables quick, but reliable, assessments of dynamic fault seal integrity to be made across the Timor Sea. Where appropriate, regional analysis of the type presented here can be followed up by more detailed analysis using, for example, fault maps
EVIDENCE OF TRAP INTEGRITY
Five structurally-bound traps were selected on the basis of the availability of published data from which to assess their seal integrity remotely. These are: Challis, East Swan, Elang, Oliver and Skua (O'Brien and Woods, 1995; O'Brien et al, 1996; Lisk et al, 1998; O'Brien et al, 1998; Cowley and O'Brien, 2000) . The empirical evidence for hydrocarbon leakage are based on the following analyses.
Airborne Laser Fluorescence (ALF) remotely identifies contemporary hydrocarbon slicks on the oceans surface using an ultra-violet laser (Martin and Cawley, 1991; O'Brien et al, 1998) .
Geochemical sniffer surveys sample contemporary hydrocarbon content in ocean bottom waters by means of tool towed below a moving ship (O'Brien et al, 1992; O'Brien et al, 1998) .
Hydrocarbon related diagenetic zones (HRDZs) are areas where oxidation of leaked hydrocarbons has resulted in the precipitation of diagenetic carbonate cement in aquifer sands. The acoustic impedence of the diagenetic zones is such that a strong response is observed on seismic sections (O'Brien and Woods, 1995; Cowley and O'Brien, 2000) .
Fluid inclusion analyses (GOI) enables the identification of palaeo oil columns based on the percentage of fluid inclusions containing oil (Lisk and Eadington, 1994; Lisk et al, 1998) .
The data pertinent to the five structures assessed in this study are summarised in Table 1 .
The Challis structure
The Challis Field is bound to the north by a northeast striking fault and covers an area of approx 7 km 2 . The structural spill point is located in the northeast sector of the field (Wormald, 1988) . Fluid inclusion analyses suggest that no significant residual oil column underlies the live column at Challis-1 (Lisk et al, 1998) . Oil shows were observed, however, below the present free water level (FWL) in all Challis wells up to Challis-5, which had the thickest interval of 59 m (Wormald, 1988) . The Challis Field is believed to be the only oil field in the Timor sea that does not have associated HRDZ (O'Brien et al, 1996) . Trap integrity of the Challis Field is hence classified as moderate to high.
East Swan structure
The East Swan structure is located on the southeast margin of the Swan Graben. No live hydrocarbon columns were identified in either East Swan-1 or East Swan-2 although residual columns are present (O'Brien et al, 1996; Lisk et al, 1998 
Elang Field
The Elang Field is an entirely fault dependent crestal culmination on the 50 km long E-W Elang trend across the central portion of ZOCA 91-12 (Young et al, 1995) . Live oil columns of 76 and 73 m were observed in Elang-1 and Elang-2 respectively. Fluid history analysis reveals high GOI values below the current FWL which indicates the presence of residual oil columns of between 10 and 18 m. Oil inclusions decorate the traces of penetrative fractures that run across several grains, suggesting flow of oil along fractures rather than infiltration through pore spaces (O'Brien et al, 1996) . ALF and sniffer coverage of the Elang area is not available, and no HRDZs have been reported. Seal integrity of the Elang Structure is classified as moderate to high.
Oliver Field
The Oliver-1 well is located on the SE flank of the Cartier Trough and contains a 162.7 m gas column with a thin basal oil leg of 13-16m (O'Brien et al, 1996) . The structure is filled to spill point and the presence of a 99 m palaeo-oil column within the present gas column suggests that the palaeo-column was displaced by later stage gas (O'Brien et al, 1996) . A HRDZ is not observed above the trap and no ALF data exists in the area. No useful sniffer information was acquired as the hydrocarbon-detecting fish was towed too far above the sea floor (O'Brien et al, 1992) . The seal integrity of the Oliver structure is classified as high.
Skua Field
The Skua structure is a tilted fault block bounded by the NE-SW striking Skua fault and located southeast of the Swan Graben. The GOI data for the Skua Field reveal the presence of a thin residual zone (10 m) below a 47 m present-day live column (O'Brien et al, 1996) . No residual zone is observed on the eastern margin of the field. Sniffer surveys indicate the presence of methane and ethane concentrations adjacent to the Skua fault, which suggests active hydrocarbon seepage (O'Brien and Woods, 1995) . ALF anomalies are observed around Skua with a relatively large anomaly located north of Swift-1. Evidence of small and lenticular HRDZ formation across the Skua structure is illustrated by a weak to moderate velocity anomaly in the Grebe Sands at Skua-3 and a narrow and tightly localised HRDZ over Swift-1 (O'Brien and Woods, 1995) . The seal integrity of the Skua structure is classified as moderate to high.
STRUCTURAL PERMEABILITY
Structural permeability is the concept underlying the FAST methodology. The FAST methodology follows Sibson's (1996) approach to the generation of fracturerelated permeability (which is itself based on fundamental brittle failure theory) and applies it to risking fault reactivation and associated seal leakage. Sibson (1996) recognises the following elements of structural permeability:
• tensile fractures; • shear fractures; and • mixed-mode tensile/shear fractures.
Following Sibson (1996; , we assume there is a composite Griffith-Coulomb failure envelope (Fig. 1a) . Assuming this failure envelope, the criteria for tensile, shear and hybrid tensile-shear reactivation may be expressed in terms of pore pressure (Table 2) . These criteria apply to intact rock, or to reactivation of preexisting faults, provided that the appropriate values of T, C and µ are used.
The differential stress (σ 1 -σ 3 ) controls the mode of failure. If (σ1-σ3) < 4T, tensile failure is predicted, if 4T < (σ1-σ3)<6T hybrid tensile-shear failure is predicted, and if (σ1-σ3)>6T, shear failure is predicted. If the cohesive strength of the reactivated fault zone is zero, the failure envelope passes through the origin of the normal/shear stress plot and thus reactivation in shear is the only possible mode of failure, irrespective of the differential stress.
Failure Mode Criterion Condition
Tensile (hydraulic) Table 2 . Failure criteria expressed in terms of pore pressure and necessary differential stress conditions for tensile, shear and hybrid tensile-shear failure assuming a composite Griffith-Coulomb failure envelope. The criteria apply to intact rock, or to reactivation of pre-existing faults/fractures, provided that the appropriate values of T, C and µ are used. Modified from Sibson (1996) Seal failure is assessed herein in terms of the likelihood of the development of one or more of the above elements of structural permeability to provide conduits for fluid flow during reactivation (Fig. 1b) . The risk of reactivation is determined using the stress tensor (Mohr Circle) and fault-rock strength (failure envelope). The risk of reactivation-related seal failure may be quantified by the increase in fluid pressure (∆P) required to cause reactivation (Fig. 2) . This is not meant to imply that failure is always due to changes in fluid pressures. However, it does provide a simple way of expressing the proximity of a plane of any given orientation (strike and dip) to the failure envelope i.e. the risk of reactivationrelated seal breach.
Brittle failure is predicted if Mohr's circle touches the failure envelope. All fault orientations plot within the shaded area of the three dimensional Mohr's circle and those closest to the failure envelope are at greatest risk of reactivation (Fig. 2) . The distance between each fault plane and the failure envelope indicates the increase in pore pressure (∆P) required to cause reactivation and is used as the measure of the likelihood of fault reactivation in the FAST technique. A small ∆P infers a high likelihood of reactivation and a large ∆P infers a low likelihood of reactivation. The ∆P value for each plane can be plotted on a stereonet as poles to planes (Fig. 3) . The risk of reactivation of any pre-existing fault orientation is then read from the stereonet.
A FAST map is produced by combining the reactivation risk stereonet with the fault geometry. The structural geometry can be digitally extracted for an individual seismic horizon from a seismic interpretation package. Fault polygons interpreted from seismic data are reduced to a series of centreline points. The dip and dip direction attributes are determined from the fault displacements. Alternatively, structural maps with depth contours and fault polygons can also be used. Fault dips can be Figure 1 . The elements of structural permeability: a) Mohr diagram with composite failure envelope for intact rock with tensile strength, T, illustrating the stress conditions and orientations with respect to the stress field of extensional (tensile), shear and mixed-mode (extensional-shear) failure (Sibson, 1996) , and b) Network of structural permeability comprising interlinked shear, tensile and mixed-mode fractures. Diagram represents a normal fault stress regime when upright, a reverse fault stress regime when sideways, and a strike-slip regime in plan view (Sibson, 1996) . The horizontal distance between any orientation and the failure envelope (which may be thought of as the increase in pore pressure, ∆P, required to cause failure) is used to assess the propensity of a plane to failure.
Shear Stress
calculated from heave and throw measurements made along strike. Both methods rely heavily on the resolution of the data and on the accuracy of the original interpretation. The risk of reactivation of each fault segment (dip, strike) is determined from the reactivation risk stereonet. The colour-coded fault segments are then plotted on a map, allowing rapid evaluation of the risk of reactivation and related fault seal breach for mapped prospects.
In order to generate fault prediction maps, three inputs are required: the in situ stress tensor, an estimate of fault rock strength and the relevant structural geometry. The following sections discuss these inputs for the Timor Sea.
BONAPARTE BASIN IN SITU STRESS TENSOR
Much work has been done to constrain the in situ stress tensor in the Timor Sea area (Hillis and Williams, 1992; Mildren et al, 1994; Hillis et al, 1997a; Hillis et al, 1997b; Castillo et al, 1998 and Hillis, 1998) . With the exception of vertical stress magnitude, an amalgam of these published data have been compiled to constrain a generalised in situ stress tensor for the Timor Sea for use in this study (Fig.4) . Vertical stress profiles have been calculated for 17 Timor Sea wells and are used to define a generalised depth-stress relationship for the area.
Maximum horizontal stress orientation
A considerable database of stress orientation data now exists under the banner of the Australian Stress Map (ASM) Project (Hillis and Reynolds, 2000) . The ASM receives regular updates as new wells are interpreted for stress-related features. The maximum horizontal stress orientation (σ Hmax ) is considered to be relatively consistent across the Bonaparte Basin with the exception of measurements made in the northern parts of the ZOCA 91-01 permit area (Castillo et al, 1998; Mildren and Hillis, 2000) . A mean σ Hmax orientation (055°) for the Timor Sea area, excluding these anomalous orientations, has been obtained from the ASM and used in the FAST calculations. Given that pore pressures in the region are generally at hydrostatic (hence Pp ≈ 0.45σ v v) this can be simplified to Equation 2.
Horizontal stress magnitudes
Equation 2 The maximum horizontal stress magnitude is the most difficult component of the stress tensor to define. Seismic activity and fault-related leakage in the Timor Sea area suggest that many faults are at failure (Castillo et al, 1998; O'Brien et al, 1998) . Published estimates of stress magnitudes in the Timor Sea indicate that σ v is a lower limit to σ Hmax and that the fault condition in the area lies between the boundary of normal/strike-slip and strikeslip (ie.σ Hmax ≈ σ v > σ hmin to σ Hmax > σ v > σ hmin ; Castillo et al, 1998; Hillis, 1998) . Hence, it can be assumed that the crust is at frictional equilibrium and that the σ Hmax magnitude can be constrained by the frictional equilibrium relation (Equation 3; Jaeger and Cook, 1979) , such that for a strike-slip stress environment:
Equation 3 where σ Hmax = maximum horizontal stress magnitude µ = the frictional coefficient.
Vertical stress magnitude
The vertical stress magnitude is calculated based on the assumption that the weight of the overburden equals the vertical stress magnitude (Equation 4; McGarr and Gay, 1978) . The calculation is made using density log data acquired from hydrocarbon exploration wells. Density logs are not normally run from the surface, therefore vertical stress cannot be determined by simply integrating the density log data from the surface to the depth of interest. However, sonic velocity and density are strongly related. Check shot velocity survey data are used to determine average sonic velocity from the surface to the top of the density log data, and the average velocities are then converted to average densities. See Serra (1984) for details of operation of sonic and density logs and Balch and Lee (1984) for operation of check shot surveys.
Vertical stress profiles were calculated for 17 Timor Sea wells to determine a generalised stress-depth relationship for the region (Fig. 4; Table 3 ). A power law regression line was fitted to the dataset to derive Equation 5. Stress values for individual structures were calculated using Equation 5 at the average depth appropriate for the horizon of interest (Table 4) .
MECHANICAL PROPERTIES OF FAULT ROCKS
One advantage of the FAST methodology is that it incorporates realistic rock strengths into the prediction of fault failure. Calculations of a similar nature such as slip tendency and dilation tendency (Ferrill et al, 1999) also make predictions of shear and tensile failure but the risk is relative, not absolute because no specific failure envelope is used. A fault may have a high slip and/or shear tendency but if the magnitude of the stresses is far removed from the strength of the rock then failure may not be an issue. For more details on the use of fault rock properties in predicting fault reactivation see Dewhurst et al (2002) .
The cohesive strength of fault rocks (C) has been estimated from laboratory derived tensile strengths (T) quoted in the literature, using the approximation C~2T, as predicted by the Griffith criterion (Sibson, 1996) . Dewhurst et al (2002) show that lithified cataclasites from the Otway Basin have a cohesive strength approximately 5.5 MPa and Streit (1999) suggests that cohesive strength ranges between 4-14 MPa for lithified gouges and cataclasites in general. In this study the cohesive strength has been assumed to be 5 MPa and the coefficient of friction to be 0.7. In circumstances where laboratory derived rock strengths are not available, sensitivity studies using a relevant range of strengths are recommended.
FAULT REACTIVATION PREDICTIONS
Seismic data from which to generate detailed structural geometries for each trap were not available. Prospect maps published in well completion reports and in various literature have been utilised in conjunction with depth converted geological sections to create strike and dip datasets. Where fault dip and strike were uncertain, no FAST calculations were made. Each dataset has been generated for top reservoir and utilises the appropriate in situ stress magnitudes appropriate for that depth. The predicted risk of fault reactivation is given as ∆P in MPa utilising the same scale range in all cases (0-30 MPa). The results of these calculations are illustrated in Figures  5-9 .
A quantitative value representing the risk of an individual trap was calculated in order to compare fault reactivation risk between traps. The maximum risk (lowest ∆P value) for each trap-bounding fault was determined. These maximum values were averaged for each trap. The maximum risk average was then compared with the empirical integrity classification (Fig. 10) . Averaging reactivation risk in this manner compensates for the low resolution structural data used in this study and for variation of the geometrical relationship between bounding faults and the height of the free water level across individual traps. Where detailed structural information is available, reactivation integrity can be based on the lowest ∆P value (highest risk) within closure.
If a fault-bound trap is to be sealing it must exhibit a low risk of predicted fault-seal breach. However, the converse is not necessarily true, i.e. a trap not prone to reactivation may be non-sealing if leaking is associated with fault juxtaposition issues or where buoyancy pressure exceeds capillary pressure (caprock and/or fault). In general juxtaposition is not considered critical in the Timor Sea because throw on trap bounding faults is generally less than the thickness of the regional seal. Furthermore, capillary breakthrough pressures suggest that the regional seal can support hydrocarbon columns between 100 and 500 m high (Kivior et al, 2002) . Hence fault reactivation is likely to be the key issue in the Timor Sea.
The comparison between observed trap integrity and fault reactivation predictions shows the low integrity East Swan structure to have the greatest overall risk. It is possible that this is a conservative estimate of the risk associated with the East Swan bounding fault due to the age, and therefore quality of the prospect map used to define the structural geometry (i.e. 1977) . Heave and throw dip calculations estimate the fault to have considerably low dip magnitudes (<30°) along some sections. These sections contrast significantly with dip magnitudes of up to 63° along the highest risk sections of the fault. It is suspected that a recalculation of risk with updated structural information would predict lower ∆P values along some fault segments and that the overall risk for East Swan could be higher.
Challis, Skua and Elang were all classified as moderate to high integrity traps. Average maximum ∆P values range from 12 MPa (Challis and Skua) to 25 MPa (Elang), i.e. 2-15 MPa greater than the average calculated for East Swan. The predicted fault reactivation risk at Elang is considerably less than that for the high integrity Oliver trap. Indeed this is the only discrepancy between FAST predictions and observed integrity. The empirical observations on seal integrity made at Elang are based on fluid history analysis which reveals that residual columns are present and that hydrocarbons have leaked at some time from the structure. There is no clear Table 3 . List of wells for which vertical stress profiles were calculated where lat and long are the latitude and longitude of the well, top and bottom are the top and bottom depths of the density log run, average sonic velocity is the average check shot velocity and average density is the NafeDrake transform from average check shot velocity to average density for the interval between the surface and the top of the density log. evidence, however, that leakage is occurring at the present day.
The very low risk predicted for Elang suggests that present day leakage may not be occurring. Measurements of contemporary hydrocarbon leakage using ALF or sniffer might be expected to give a negative result at Elang.
The predicted risk at Challis and Skua indicates that there may be a relatively minor difference between conditions required for a low integrity trap and a moderate integrity trap. Structural geometry variation is the most likely influence given that a generalised stress tensor was used in all predictions. The generic risk stereonet (Fig. 3) indicates that fault strike can vary by as much as 60° and still maintain relatively low ∆P values (high risk) for dips >50°. However, ∆P can alter by as much as 15 MPa with only a change in dip magnitude of 10°. Dip magnitudes for both the Challis and Skua traps predominantly range between 40° and 55°, whereas dip magnitudes reach up to 63° along the East Swan bounding fault. It is possible that this difference in dip magnitude is enough to separate a moderate integrity trap from a low integrity trap.
Shear failure has long been considered the dominant mechanism for failure in the Bonaparte Basin (Castillo et al, 1998; Hillis, 1998; De Ruig et al, 2000) and in a stress environment on the boundary of strike-slip and extension, 60° dipping fault planes are critically oriented for shear failure when striking sub-parallel to the σ Hmax orientation.
CONCLUSIONS
Good correlation exists between observed fault trap integrity and fault reactivation predictions made using the FAST methodology. Using a generalised stress tensor and failure envelope:
Low integrity traps are calibrated to a ∆P estimate of 10 MPa or less.
Moderate integrity traps correspond to ∆P values between 10 and 15 MPa.
High integrity traps correspond to ∆P values greater than 15 MPa.
These data can be used as a guide to quickly assess the impact that dynamic fault breach mechanisms may have on hydrocarbon plays prior to drilling. Where detailed stress and structural information are available, FAST analyses performed on individual fault planes is recommended.
These results also highlight the importance that dip magnitude plays in controlling fault reactivation in the Bonaparte Basin and confirms shear failure to be the most likely mode of failure. The dynamic in situ stress environment is an important control on hydrocarbon leakage in the Timor Sea.
